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INTRODUCTION 
Purpose of Study 
 The purpose of this study was to use a multidisciplinary approach, that focused on 
geomorphological and subsurface techniques of analysis, to investigate whether there are active 
faults that penetrate and affect the shallow Holocene stratigraphy of the Pearl River Delta region 
of southeastern Louisiana (Fig. 1).  Southeastern Louisiana is a complex geomorphic framework 
of coastal, riverine, marsh, and swamp environments that are the result of numerous Late 
Quaternary depositional systems and processes.  The majority of the resulting Late Quaternary 
deposits are unconsolidated, sediments that consist of widely variable percentages of clay, silt, 
sand, and organic sediment.  It is expected that because of the unconsolidated nature of the 
Holocene strata, that active faults in the area will not necessarily manifest as definitive fault 
planes  and that  fault-induced deformation is consequently difficult to identify within the 
stratigraphic record of the Pearl River delta study area.  This study therefore focuses on the 
premise that vertical motion driven by modern fault motion within active deltaic depositional 
systems may be recorded as: A) historical changes in regional stream geomorphology across a 
delta plain, B) significant variations in the type of subsurface facies that are present across the 
study area, , C) vertically offset, units that are lithologically similar, D) vertical offset 
chronostratigraphically correlative units in the subsurface. 
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Mapped Fault Zones within Southeastern Louisiana 
For purposes of this study the fault zones within southeastern Louisiana were 
differentiated into two groups: deep subsurface faults (Upper Cretaceous-Upper Tertiary) that 
show evidence of major activity during the late Mesozoic and through the Middle Cenozoicand 
moder, active faults (Pleistocene to Recent)that have created recent vertical offsets within the 
shallow strata.  This classification scheme was established on the basis of the known geologic 
history of the region, chrono- and lithostratigraphy of the underlying regional geology, and was 
established on the basis of subsurface maps of the northern Gulf of Mexico and Louisiana 
(Ingram,1991; Salvador, 1992), as well as mapped faults and fault systems that have documented 
evidence of tectonic activity within the Late Quaternary (give refs here).   
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Figure 1.  Regional map of southeastern Louisiana showing study area within the Pearl River Delta (modified from 
United States Geological Survey digital GIS data, 2005). 
 
 Deep subsurface faults: Upper Cretaceous to Upper Tertiary 
 The Holocene and Pleistocene deposits across southeastern Louisiana are 
stratigraphically underlain by approximately 10 to 15Km of Upper Cretaceous - Upper Tertiary 
deposits (McBride, 1998; Galloway, 2001).  The majority of Cenozoic sediments of the northern 
Gulf of Mexico formed during Miocene depositional phases that took place within a range of 
deltaic and shelf environments (McGookey, 1975; Galloway, 2001).  The massive influx and 
basinward progradation of Cenozoic sediments into the Gulf of Mexico resulted in the generation 
of widespread growth fault development (Thorsen, 1963).    
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Growth faults are basinward extending normal faults that show an increase of throw with 
depth and stratigraphic thickness expansion within the downthrown blocks (Ewing, 1991).  The 
presence of increased stratal thickness within the downthrown blocks is due to syndepositional 
fault motion (Worrall and Snelson, 1989).  The vast majority of fault systems were initiated by 
gravity driven processes, such as slumping, the vertical and horizontal migration of underlying 
Jurassic Louann Salt, and lithospheric flexure created through isostatic adjustment to sediment 
loading (Nelson, 1991; Worrall and Snelson, 1989).  
  The mapped subsurface locations of these fault zones are important to note within the 
context of this study because shallow deformation induced by shallow faults within Quaternary 
sediments may be coupled to the deeper-seated Cenozoic-Tertiary fault systems (Figs. 2, 3).   
 
Figure 2.  Map of southern Louisiana displaying the presence of fault systems (Murray, 1961; USGS, 1998) and 
previously mapped fracture patterns within the southeastern portion of the state (Fisk, 1944). 
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Figure 3.  Subset map of Figure 3 focusing on the regional fault systems and fractures within the Pontchartrain Basin 
and Pearl River Delta.  The Pearl River study area is denoted by the black box within the subset map. 
 
 The most obvious faults mapped within the shallow subsurface (less than 100m depth) of 
southeastern Louisiana cut strata that mostly consist of dense, Pleistocene clays and the 
unconsolidated, organic-rich, Holocene sediments.  Recognition of faults within these 
stratigraphic units has been historically dependent upon the identification of surface deformation 
and the availability of seismic and drill core data.   
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Surface geomorphology associated with faults include laterally continuous, topographical 
escarpments, structural damage to building foundations, roads, and bridges, progressive elevation 
offsets derived from geodetic survey data, and abrupt, localized scarps observed within an area’s 
geomorphology identified from aerial photographs and historical maps. 
 The Pearl River study area is proximally located to several mapped faults that have been 
suggested to have undergone movement within the Late Quaternary (Figs. 3, 4).  The most 
laterally persistent trend is the Baton Rouge fault zone, which is currently active along an 
approximately coast parallel trend (Durham, 1982; Lopez, 1991; Lopez et al., 1997).   The Baton 
Rouge fault zone was originally mapped by Fisk (1944) on the basis of displacements observed 
within abandoned meander scars in Livingston Parish, which is located between Lake Maurepas 
and East Baton Rouge Parish.   Durham and Peeples (1956) mapped the first regional zone of 
deformation using escarpments and subsurface well data across the Late Pleistocene Prairie 
terrace of the Florida Parishes (East Baton Rouge, East Feliciana, Livingston, St. Helena, St. 
Tammany, Tangipahao, Washington, and West Feliciana).  The eastern extent of the Baton 
Rouge fault system has been mapped within the northern portions of Lake Pontchartrain and 
possibly Lake Borgne (Lopez et al., 1997).  Within this area the Baton Rouge fault system 
consists of four active faults (Madisonville Point, Causeway, Goose Point, and South Point) that 
have penetrated upward through the Late Quaternary strata underlying the lake (Lopez, 1991; 
Lopez et al., 1997).  In addition to high-resolution seismic data, surface evidence for recent fault 
movement was identified within car and railroad bridges that cross the subsurface faults.  A total 
of four bridges located on the northern and eastern portions of the lake have been offset.  The 
railroad bridge has been relatively offset at the highest rate with movement at approximately 
0.8cm/year (Lopez et al., 1997).   
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 In addition to the active faults located within Lake Pontchartrain, locations within the 
western portions of the Pearl River area (Figs. 4, 5), the northern and eastern portions of Lake 
Borgne, and the Michoud area to the east of New Orleans contain features that have been 
suggested to be associated with active faults and possible fault-related geofractures (Gagliano et 
al., 2003; Dokka, 2006; Heinrich, 2006).  These features were identified on the basis of surface 
escarpments (Heinrich, 2006), areas that experienced increases in deep, intermediate, and near-
surface subsidence rates (Dokka, 2006), and distinct geomorphological changes within coastal 
environments that suggested systematic land loss trends similar to those expected from relative 
offsets in elevation (Gagliano, 1999; Gagliano et al., 2003).   
 
Figure 4.  Map displaying the relative locations of shallow subsurface faults that have been active within the Late 
Quaternary.  Figure developed from published data from United States Geological Survey digital GIS data (2005), 
Lopez et al. (1997), Gagliano (1999), and Heinrich (2006).  
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Figure 5.  Map that focuses on previously mapped fault-line scarps (outline in red) within the Pearl River Delta and 
surrounding regions, in relation to the study area.  The fault-line scarp features are located within the Late 
Quaternary coastal plain sediments of the Pleistocene and Holocene (modified from Heinrich, 2006). 
 
Historical Earthquake Events within Southeastern Louisiana 
 Louisiana is located within the Gulf Coast Basin tectonic province of the United States 
(Morrison, 1991).  The presence of thick (as much as 15km locally), mostly unconsolidated and 
perhaps ductile, Cenozoic strata overlying deep-seated, crystalline basement rock is a factor that 
likely contributes toward the fact that Louisiana is an area of low seismic activity (Gagliano, 
1999).  To date no brittle deformation planes that are associated with earthquakes has been 
mapped in southeastern Louisiana.  However, evidence that is suggestive of a brittle like style of 
deformation often associated with earthquakes has been recorded within the southeastern 
portions of coastal Louisiana within the Tepetate-Baton Rouge Fault system (Durham and 
Peeples, 1956; Murray, 1961; and Lopez et al., 1997). 
Pearl River Study Area, LA 
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According to the United States Geologic Survey (USGS) earthquake archives (Stover and 
Coffman, 1993), there are five locations proximal to the Pearl River study area where earthquake 
events have occurred since 1842 (Fig. 6).  The largest, a magnitude 4.2 event, occurred in 1930 
near Napoleonville, Louisiana (Stover and Coffman, 1993), approximately 40km south of Baton 
Rouge and 120km west of New Orleans.   
In addition to documented earthquakes, southeastern Louisiana has been the site of 
secondary earthquakes that were triggered by large seismic events near Prince William Sound, 
Alaska (1964) and Denali, Alaska (2002) (Gagliano, 2005).  Shockwaves from the Alaskan 
earthquake created disturbances such as large waves and vertical offsets within rivers, ship 
channels, and bayous located within portions of eastern Texas and across all of southern 
Louisiana (Gagliano, 2005).  The unique hydrologic events that occurred along portions of the 
western Gulf Coast in 1964 and 2002 have been suggested by Gagliano (2005) to be the result of 
shockwave-induced slippage along isolated faults.   
 
Figure 6.  Map displaying five epicenters across southern Louisiana where historical tectonic activity has taken place 
in the form of small-scale earthquakes (<5.0 magnitude on Richter scale).  The sites of tectonic activity (red stars) 
are within 200km of the Pearl River study area (red square) (modified from Stevenson and McCulloh, 2001). 
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Previous Fault-related Studies within Southeastern Louisiana 
In the last half-century numerous research studies have been published that focused on 
the occurrence of faults and fault related deformation within southeastern Louisiana (Durham 
and Peeples, 1956; Roland et al., 1981; Lopez 1991, 1996; Lopez et al., 1997; Saucier, 1994; 
Gagliano, 1999, 2003, 2005; Heinrich, 1997, 2006; Dokka, 2006; and others).  As discussed 
within the aforementioned sections, the majority of fault research within this region is primarily 
focused around Baton Rouge, New Orleans, and their surrounding areas.  Other than brief 
mentions within several fault and fault-related publications (Fisk, 1944; Saucier, 1994; Gagliano, 
2003; and others), the Pearl River Area has only been the focus of three detailed geologic studies 
completed by the United States Army Corps of Engineers (Saucier, 1994), Sheridan (2003), and 
Heinrich (2006).  This study builds upon previous approaches and results observed from 
comprehensive literature reviews of previously published data in order to maximize the 
effectiveness of data collection and analysis. 
Significance of Study 
 In addition to the potential for fault activity to strongly affect the geomorphology and 
depositional processes of coastal Louisiana there exists an abundance of other natural and many 
anthropogenic processes that have the potential to adversely affect the stability of the landscape.  
Specific examples of these processes include subsidence, coastal erosion and inundation, rising 
sea level, salt water intrusion, and hurricane induced damage.  The occurrence and significance 
of these processes are areas of specific interest to research scientists and residents within coastal 
Louisiana because of the potential to negatively affect the surrounding marshes and flood 
protection levees.  
  
11 
 
The research approach and conclusions of this study have the potential to be applied to 
other areas within coastal Louisiana that may be experiencing similar geological and 
geomorphological processes.  The implications obtained from this study can also potentially 
assist in the identification and analysis of areas that may be in the beginning or latter stages of 
deterioration as a result of fault induced changes in elevation.  In a coastal, riverine environment, 
as seen within the Pearl River Delta, the landscape is constantly evolving and is subjected to a 
range of environmental and anthropogenic stressors.  This study provides a framework, through a 
multidisciplinary approach of analysis and investigation, for evaluating whether fault motion is 
affecting an area and for assessing the magnitude of changes that such faults may be creating.  
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DEPOSITIONAL HISTORY 
Geologic Evolution of the Lower Pearl River Valley, Late Quaternary 
 At the height of the Quaternary glacial maximum, sea level within the Gulf of Mexico 
was approximately 120m below present day elevation. The cause of this lowstand in sea level is 
attributed to an increase in global ice volume (Fisk and McFarlan, 1955; Flint, 1963; Frazier, 
1974; Fairbanks, 1989; Penland et al., 1991) (Fig. 10).  In response to marine regression that 
accompanied lowstand conditions, the Pearl River extended across the then exposed Gulf of 
Mexico continental shelf, intersecting the shelf edge (~120m isobath) approximately 145km 
south of its present deltaic depocenter (Frazier, 1974).  As the Pearl River system continued to 
migrate farther offshore, channel incision into the continental shelf contemporaneously occurred 
(Kindinger et al., 1994).   
   Extension of the Pearl River to the shelf edge led likely to the creation of a shelf margin 
delta (Frazier, 1974; Greene et al., 2007).  The shelf margin delta consisted of sediment that was 
derived from the Pearl River drainage basin and continental shelf sediment that was excavated 
and mobilized as incision took place during falling sea level and as the system extended across 
the continental shelf (Greene et al., 2007).  The location of the Pearl River shelf margin delta is 
thought to have occupied a position between the Mississippi Canyon and the Lagniappe Delta 
(Fig. 11) (Kindinger et al., 1994), but the exact location of this system is not well documented.  
On the basis of stratigraphic cross sections from Frazier (1974), the Pearl River incised to a 
depth of ~75m below present sea level, and consisted of an approximately 14-km wide channel 
or channel network. 
13 
 
 
Figure 10. Relationship of multiple suggested late Quaternary sea level curves spanning the last 20,000 years for the 
Gulf of Mexico.  The sea level curves show lowstand elevations ~90 to 160m below the present elevation between 
~18,000 and 15,000 yr BP.  Curves from Curry (1960), Ballard and Uchupi (1970), Nelson and Bray (1970), Frazier 
(1974), and Fairbanks (1989). 
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Figure 11.  Location of the Mississippi Canyon and Lagniappe Delta Complex within the Gulf of Mexico.  The 
position of the Pearl River shelf margin delta is thought to have been located on the continental shelf between these 
features during the last lowstand event (modified from United States Geological Survey digital GIS data, 2005). 
 
Lowstand Drainage Patterns of the Pearl River 
 The drainage patterns of the Pearl River during the late Quaternary have been mapped in 
a variety of paleogeographic frameworks (e.g. Fisk, 1944; Fisk and McFarlan, 1955; Saucier, 
1994; and Frazier, 1974).  Fisk and McFarlan (1955), Saucier (1994), and Kindinger et al. (1994) 
extended the lowstand Pearl River drainage path to the southeast of its present location.  These 
researchers suggested that the Pearl River shelf edge depocenter extended into an area within the 
Gulf of Mexico that was apparently also the shelf edge depocenter of the Wolf, Mobile, and 
Pascagoula Rivers, south of the Alabama and Mississippi coastlines (Fig. 12).  There is however 
a limited dataset presented by most researchers and the existing core and seismic data within this 
area do not clearly define the Pearl River drainage pattern during the lowstand time.   
15 
 
Seismic data interpreted by Kindinger et al. (1994) and Roberts et al. (2004) was used to suggest 
that the Mobile and Pascagoula River drainage patterns followed a late Quaternary southward 
trend to create a shelf-edge depocenter known as the Lagniappe Delta.  The Lagniappe Delta, 
located to the southeast of the modern Pearl River delta, existed at the same approximate time 
that the Pearl River was extending basinward.   
 
Figure 12.  Proposed path of the Pearl River (PV) system (dashed box) and its depocenter location within the 
Lagniappe Delta Complex during the late Quaternary (MWV: West Mobile Valley; EMV: East Mobile Valley; PV: 
Pearl Incised Valley; PIV: Pascagoula Incised Valley; WMD: West Mobile Delta; EMD: East Mobile Delta; EMD-
S: East Mobile Delta, Sager et al., 1999; WMD-S: West Mobile Delta, Sager et al., 1999) (modified from Greene, Jr. 
et al., 2007). 
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South of the modern Pearl River Delta is the proposed location of the Pearl River incised 
valley, mapped by Fisk and McFarlan (1955) and Saucier (1963, 1994).  This is expected since 
the majority of late Pleistocene Gulf Coast riverine systems consist of north to south, not west to 
east, incised channel trends (Frazier, 1974; Fisk and McFarlan, 1955). 
Transgressive Phase of the Pearl River Incised Valley: 18,000 – 6,000yrBP 
As marine transgression began following the late Wisconsin sea-level lowstand the Pearl 
River system retreated northward through the incised valley and valley infilling took place.  On 
the basis of borehole interpretations (collected below the modern coastline and shelf) the 
alluvium within the incised valley, representing lowstand through early transgressive deposition, 
consists of sand (Frazier, 1974). The bottom 30m of sand-rich sediment is overlain by 
approximately 8m of silty sands and silty clays that have been interpreted as delta-front deposits, 
interpreted on the basis of stratigraphic position and facies composition (Frazier, 1974) (Figs. 13, 
14).  These delta-front deposits were a result of deltaic progradation toward the basin once the 
Pearl River system reached equilibrium following updip retreat through the incised, estuarine 
valley environment (Frazier, 1974).  
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Figure 13.  Basemap showing the location of Frazier (1974) stratigraphic transect (red line) and the location (green 
box) of the Pearl River incised valley trench within the NW to SE cross section of figure 14.  Modified from Frazier 
(1974). 
 
 
Figure 14.  Location of cross section shown on figure 13 (modified from Frazier, 1974). 
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6000 yr B.P. - Present 
 Relative sea-level (RSL) history, between 6000 and 4000yr BP, has been a topic of lively 
debate (e.g. Saucier, 1994; Morton et al., 2000; Blum et al., 2002; Törnqvist et al., 2006).  This 
debate focuses on whether the Gulf of Mexico experienced: A) gradual, steady sea-level rise 
(Otvos, 2001) or a stepped sea-level rise (Törnqvist et al., 2006) and B) a mid-Holocene 
highstand of approximately +2m above present that was followed by a sea-level fall in the late 
Holocene (Morton et al., 2000; Blum et al., 2002).  
Using data from western Louisiana and parts of Texas, Morton et al. (2000) suggested a 
mid to late Holocene sea-level highstand that was approximately 3m higher than present. These 
data suggest that the Gulf of Mexico experienced periods of sea-level stillstand following the late 
Quaternary glacial maximum until sea-level reached a maximum of approximately 2m above 
present (Figs. 15, 16) (Morton et al., 2000). 
 
Figure 15.  Relative sea level fluctuations during the late Holocene within the Gulf of Mexico derived from 
radiocarbon data collected in southwestern Louisiana published by Frazier (1974) and McFarlan (1961) (from 
Morton et al., 2000).  
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Figure 16.  Constructed Holocene sea-level history for the western Gulf of Mexico that shows a +2 to 3m sea-level 
between ~2000 to 1500 kyr (from Morton et al., 2000). 
 
 Otvos (2001) and Törnqvist et al. (2004) however presented data and supporting 
arguments that suggest the late Holocene sea-level history within the Gulf of Mexico is very 
different from that proposed by Morton et al. (2000).  Otvos (2001) stated that the radiocarbon 
data presented by Morton et al. (2000) were inaccurate because of the wide age range of the 
foraminifera that were analyzed as indicators of sea-level position.  Otvos (2001) specifically 
suggested the radiocarbon dated samples were indicative of sediment reworking and 
consequently do not support the mid to late Holocene highstand proposal of Morton et al. (2000).  
In addition to this, Otvos (2001) also stated that the Morton et al. (2000) correction, a calculated 
post-depositional subsidence rate derived from radiocarbon dated peats, was incorrect because it 
was based on a single peat sample analysis.  Otvos (2001) argued that one peat sample is not 
sufficient to calculate a subsidence rate for east Texas and western Louisiana during the past 8 
kyr. 
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Törnqvist et al. (2004) constructed a detailed late Holocene RSL chronology for the Gulf 
of Mexico using radiocarbon dated basal peat samples that ranged in age from 8000 to 3000 yr 
B.P.  Similar approaches by Gould and McFarland (1959) and McFarlan (1961) have used basal 
peat ages, however the number of basal peat samples were insufficient to create a regionally 
acceptable curve of relative sea-level change (Fig. 17). 
 Törnqvist et al. (2004) collected basal peat samples near Gramercy, Louisiana to obtain 
data above the intact Pleistocene “basement” which would provide for the best record of basal 
peat deposition and hence marine inundation of the northern Gulf.  The radiocarbon dated basal 
beat facies ranged in age from approximately 7000 to 2400 yr B.P. at depths of 12m to 3m, 
respectively. Age to depth relationships of the basal peat data were suggested by Törnqvist et al. 
(2004) to represent an accurate sea-level curve for the late Holocene, which they showed as 
stepped, yet gradually decelerating rate of RSL. This curve is consistent with Toscano and 
Macnintyre (2003), but differs from RSL curves presented by Morton et al. (2000), Frazier 
(1974), and Nelson and Bray (1970) (Figs. 10, 16, and 17). 
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Figure 18.  Relative sea-level curves for the northern Gulf of Mexico coastal areas created by Curray (1961); 
Coleman and Smith (1964); Nelson and Bray (1970); Frazier (1974); and Penland et al. (1991) (from Tornqvist et 
al., 2004). 
 
 
Figure 19.  Gradual, stepped relative sea-level curve derived from basal peat radiocarbon ages for the Gramercy, 
Louisiana study area (from Tornqvist et al., 2004). 
22 
 
Late Quaternary Sea-level Rise and the Pearl River System  
The Pearl River system is suggested to have responded in a manner similar to other major 
river systems located on the Gulf coast during the late Quaternary (Fisk, 1944; Saucier, 1994; 
Sheridan, 2002). During transgression, between ~18000 to ~3000 yr B.P., the Pearl River system 
underwent depositional and geomorphological changes.  In addition to a landward shift in deltaic 
position, the Pearl River evolved from a braided to a meandering system as soon as the 
downstream gradient decreased as a result of rising RSL (Schumm et al., 2000).  Water levels 
within the Gulf of Mexico eventually outpaced the sedimentation rate of the Pearl River and, 
much like the Mississippi River, estuarine environments in the form of backstepping bayhead 
delta deposits were created in the absence of a deltaic plain (Saucier, 1994 and Catuneanu, 
2003).  The formation of estuarine and bayhead delta environments within the drowned channel 
systems of the Pearl River were also associated with the deposition of widespread backswamp 
facies in the upper portions of the river system adjacent to the coastal zone (Suter, 1993).    
Approximately 6000 yrs. B.P. the rate of sea level rise in the Gulf of Mexico started to 
decrease relative to the rates that previously existed during the late Quaternary (Saucier, 1994 
and Saucier, 1963).  This change in sea-level rise allowed for the Pearl River system to evolve 
from a drowned estuarine environment to one that enabled deltaic progradation in response to a 
decreased rate of sea level rise.   
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The re-establishment of the Pearl, Mobile, and Pascagoula river deltas introduced an 
increased sediment load into the Gulf of Mexico, consisting of clay to sand-size material.  The 
influx of sediment from these deltas is believed to be one of the main sources that contributed to 
the formation of the Pine Island barrier island trend that extended along a westerly strike from 
south Hancock County, Mississippi to New Orleans, Louisiana (Otvos, 1978; Cipriani and Stone, 
2001).   
The quartz-rich sand, eroded from exposed Pleistocene-aged sandy clay deposits, was 
transported and deposited in an area southwest of the Pearl River delta through longshore 
transport (Otvos, 1978; Saucier 1994; Saucier 1963).  Sediment cores into the Pine Island barrier 
trend, which was subsequently buried during the progradation of the Mississippi River’s St. 
Bernard delta complex between 3000-4000 yrs B.P., provided marine shells that were 
radiocarbon dated to between 5780 yrs. B.P and 3500 yrs. B.P. (Otvos, 1978).  During this 
interval of deposition the Pine Island barrier trend was initially deposited as a linear shoal that 
grew in height and length to eventually form a barrier island with an elevation of 2 to 3m 
(Saucier, 1994) (Figures 20, 21). 
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Figure 20.  Paleogeographic maps depicting the formation of the Pine Island Barrier Trend between ~5000 to 4000 
yrs B.P.  (Modified from Nelson, 2008 and Snowden et al., 1980). 
 
 
Figure 21.  Subsurface location of the Holocene-aged Pine Island Barrier system in relation to Lake Pontchartrain 
and the city New Orleans (Modified from Kolb and Saucier, 1982; Coastal Environments, Inc., 2007). 
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Modern Physiography 
 For the last 2000 years the Pearl River appears to have been a relatively stable deltaic 
environment.  The Pearl River system entered into its current depositional framework at 
approximately 2000 yrs B.P. when the Mississippi River avulsed and abandoned the St. Bernard 
delta complex (Saucier, 1994 and Kindinger, 1998).  For the last 2000 years the Pearl River has 
been a meandering system, consisting of one primary channel (Pearl River) and several adjacent 
distributaries (e.g. West River, West Middle River, Middle Pearl River, and Old River).  The 
entirety of the channel system is currently confined to a river valley bounded by Pleistocene 
terraces along the east and west.   
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METHODS 
Research Goals 
 This research project focuses on two main goals.  The first goal is to develop an in-depth 
understanding of the Holocene stratigraphic framework within the lower Pearl River delta of 
southeastern Louisiana.  This is achieved through the construction of a stratigraphic framework 
of the study area.  The data for this effect include recently collected vibracores, reflection 
seismic data, and published U.S. Army Corps subsurface data.  The second goal is to assess 
whether there exists evidence for recent fault motion within the Holocene stratigraphy and 
geomorphology of the study area.   
 The hypothesis that vertical motion within the study will be recorded as significant 
changes in facies, vertically offset lithologically similar units, and offset chronostratigraphically 
similar units will be tested using the geomorphologic, stratigraphic, and high-resolution seismic 
data collected for the creation of the stratigraphic framework.   
Geomorphological Approaches 
 Geomorphological analyses of the study area are an essential part of this research for two 
reasons.  The first is that an analysis of the geomorphology can provide insight into where to 
establish vibracore transects and seismic survey lines. Analysis of historical aerial photography, 
satellite imagery, topographic maps, and geologic maps provide an opportunity to qualitatively 
assess whether there exists noticeable landscape-scale changes. Changes in channel meanders, 
lineaments, vegetative communities, and the geometry of open water in interior marsh provide a 
basis for pinpointing areas that have been potentially affected by Holocene fault motion (e.g. 
Burnett and Schumm, 1983; Day et al., 1994; Holbrook and Schumm, 1999; Schumm et al., 
2000; and Gagliano et al., 2003). 
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Channel sinuosity calculations 
 To assess the dynamics and evolutionary history of the study area distributaries, a 
quantitative analysis of the five main channels within the Pearl River watershed was completed.  
Using 2005 USGS digital orthophoto quarter-quadrangle (DOQQ) data and direct overhead 
aerial photography from 1965, sinuosity values for discrete channel segments were calculated 
(Figure 7).  The segments within the river channels were picked according to changes in 
geographic direction of flow.  Thus the limits of a segment were established at points of 
transition between meanders and runs.  Sinuosity values were then determined for identified 
segments, using the distance tool within ArcMap, by measuring the on ground, straight-line 
distance (valley length) between the segmented points and the actual channel length (stream 
length) (Figure 7).  The resulting sinuosity values, calculated as the ratio of stream length to 
valley length, provided a quantitative measure of the study area’s geomorphology by identifying 
the river meanders that displayed similar sinuosity values.  Multiple methods of sinuosity 
calculation are possible and this approach is one widely accepted method (Leopold et al., 1995). 
The areas that displayed historical increases in sinuosity values identified areas within the 
morphology that had potentially undergone deformational processes.  The identification of these 
areas was essential to the approach because they provided a basis for focus within the study area 
and the best potential for identifying Holocene fault motion. 
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Figure 7. Identified channel segments for 1965 and 2005 imagery used to derive sinuosity data for the West and 
West Middle Pearl Rivers. 
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Land loss/land gain analysis 
 The second approach to narrowing the focus of subsurface data collection was the 
examination of land loss/land gain trends in the study area through the use of remote sensing 
approaches.  This analysis used Leica Geosystems’ ERDAS IMAGINE 9.1 software to identify 
and approximately calculate vegetated and inundated areas in the form of standing ponds and 
channels within the Pearl River valley, south of highway 90.   Unsupervised classification 
analyses of historical aerial photographs from 1967 and 1997 coupled with a USGS DOQQ from 
2005 provided data on the quality of land acreage that changed to water during the 38 year time 
period.  The unsupervised classification approach was initially implemented through the creation 
of raster layers using an (Iterative Self-Organizing Data Analysis) ISODATA algorithm within 
IMAGINE.  A typical unsupervised classification approach usually derives 20 or more classes 
from an analyzed image depending on the resolutions of the sensor platform and the presence of 
different vegetative systems and landforms. This study only focused however on changes from 
land to water during a forty year period, only two classes, one for vegetation and one for water, 
were specified.  In addition to the ISODATA algorithm, vegetation and water classes were 
derived through a preset maximum of 10 processing iterations and a convergence threshold of 
0.95.  This was followed by a user-defined pixel identification that assisted in the final grouping 
of pixels into either land or water categories.  The total area (in acres) for the land and water 
classes was exported into Excel and calculated to determine the magnitude of land loss and land 
gain for both land and water regions. Additionally this provided approximations for each of the 
three time periods and a land loss rate for the Pearl River area during the past forty years. 
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In addition to providing quantitative data for analysis, the classified land and water areas 
were assigned contrasting colors in order to specifically identify changes and trends.  It is these 
changes in geomorphology within the geometry of the study area’s geomorphology that formed 
the basis for pinpointing zones of surface instability and insight to changes that could be created 
by fault motion.    
Stratigraphic Approaches 
The determination of the study area stratigraphic framework required lithostratigraphic 
and chronostratigraphic analyses of field data.  For this purpose twenty one vibracores along 
three transects were collected, described, and photographed. Select intervals of in situ organic 
material were also sampled and prepared for Accelerator Mass Spectrometry (AMS) radiocarbon 
analysis.  All of these data collectively assisted in the creation of stratigraphic cross sections that 
could then be used to assess the presence of active faulting.  The working hypothesis was that 
variability in sedimentary facies, changes in thickness, or offset chronostratigraphic datums may 
indicate the influence of vertical offset. 
Vibracoring  
The vibracore collection method used the following components:  a portable Honda 5.5 
horsepower gas motor, 3m aluminum tripod with come-a-long cable assembly, Stow Model 
G500 vibrator, 3m attachable vibrator cable with weighted head, movable U-bolt barrel clamp 
assembly, and 5 to 10m length, 7.62cm diameter core barrels (Figure 8). 
 To take a core, the vibrator cable is attached to the STOW vibrator that is mounted onto 
the Honda motor.  The weighted head on the vibrator cable is secured to the barrel clamp 
assembly between two U-bolts and the entire assembly is then attached to the core barrel.   
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Figure 8.  Series of pictures showing the main components of the vibracore equipment used in this study.  A.) 
Overhead view of the tripod, come-along, U-bolt barrel clamp assembly holding an extracted core barrel, B.) core 
barrel at maximum penetration position, C.) portable Honda 5.5 gas motor with Stow vibrator component installed. 
 
 During the collection process, the Honda motor/Stow vibrator can (depending upon 
throttle) create a range of low to high frequency vibrations through the vibrator cable, which is 
attached to the weighted head and then to the core barrel.  The resulting vibrations affect the 
sediments directly around the core barrel through liquefaction.  This allows for the core barrels to 
penetrate marsh, clay, and sandy sediment intervals with little resistance and deeper, maximum 
depths can be reached if circumstances and underlying intervals allow.   
Vibracoring is a standard subsurface sampling method in unconsolidated sediments and 
has been extensively used to map stratigraphic relationships.  One pitfall of the method is that 
compaction of strata takes place.  This along with rodding (plugging) can affect the interpreted 
depth to stratigraphic horizons. 
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An approximation of compaction values was determined in the field by measuring the 
difference between the internal (core barrel top to sediment) and external (core barrel top to 
ground) positions of the sediment in respect to the top of the core barrel.  The internal void space 
within the core barrel is then filled with water and sealed with a 3in plug to create a vacuum 
within the core. The vacuum holds the sediment in the barrel and prevents it from exiting the 
core barrel during extraction.  After this step, the tripod is positioned over the core barrel and the 
come-along is attached to the barrel clamp assembly and the top of the tripod for extraction.  
Once the barrel is fully removed, it is measured, marked, capped, and cut into 2m sections for 
easy transport back to the laboratory for analysis. 
Lithostratigraphy 
 The lithostratigraphic approach focused on the description and identification of bulk 
facies and facies intervals present within the vibracores.  The facies and facies intervals within 
the cores were described using Coastal Research Laboratory (CRL) vibracore description sheets 
that require information on core length, total depth of penetration, compaction measured in the 
field, sedimentary texture, percent sand, silt, and clay within discrete intervals, physical 
characteristics, stratification, and Munsell color chart classification (Geological Society of 
America’s Rock-Color Chart).  Descriptions of all vibracores are located in Appendix 1.  
The sensitivity of this approach to compaction required an assessment of how much 
compaction had occurred and whether stratigraphic horizons were significantly offset.  After the 
vibracore description process the facies intervals within the cores were expanded through the 
application of a compaction correction algorithm published by Kuecher (1994).   
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The applied algorithm was essential for lithostratigraphic interpretation since all facies 
types react differently to stress creating by vibracoring at depth and due to varying degrees of 
internal structure, tolerance, and deformation thresholds.  The structural integrity of depositional 
facies, which is directly influenced during vibracore collection, causes some facies to undergo 
limited compaction, whereas other facies may contemporaneously experience considerable 
compaction (Morton and White, 1997).  For example, fundamental differences in porosity and 
permeability imply that peat and organic-rich clay facies will significantly compact within the 
vibracores, whereas facies consisting of sand-sized sediments will compact less. 
This application of the Kuecher (1994) compaction algorithm used calculated 
consolidation values that were directly related to sediment type and subsurface location (Table 
1).  Application of the algorithm involved a two-step process that first calculated and 
redistributed the amount of compaction measured in the field to the correct facies intervals for 
initial expansion, followed by a second calculation that expanded the corrected intervals to their 
expected subsurface depths prior to vibracoring activity.   
 
Table 1.  Compaction factors directly related to specific facies types and subsurface depth (Modified from Kuecher, 
1994 and McCarty, 2001). 
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  After applying the Kuecher (1994) algorithm, the core description sheets and 
photographs were then projected into simple subsurface core illustrations in order to display the 
facies intervals and boundaries at depth prior to the creation of cross sections.  This step was 
taken to visually assess the overall accuracy of the interpretations and the repositioned, 
uncompacted facies intervals across vibracore transects.  The net result of the decompaction 
algorithm noted minimal differences in facies depths (less than 0.5m), with the majority of 
compaction found to have occurred within the top 2m of mostly organic-rich facies.  Due to the 
minimal differences in facies depths that were noted following the application of the algorithm, it 
was decided that the Kuecher method is neither quantitative nor verifiably accurate in regards to 
this study.  In an active depositional environment, such as the Pearl River delta area, results 
achieved through the application of the algorithm are impossible to verify as accurate and may 
introduce biases from one core to the next. 
Radiocarbon dating 
 AMS radiocarbon dating techniques were used to establish a chronostratigraphic 
framework of the strata penetrated by vibracoring.  This approach was used specifically to obtain 
14C age measurements of sampled and tested organics in order to determine the following: age of 
the marsh surface and underlying horizons, continuity of chronostratigraphic markers and 
evidence of vertical offsets, and the presence of local offset that may have resulted from 
differential compaction between core sites. 
 The 14C samples were handled and prepared using guidelines established by The National 
Ocean Sciences Accelerator Mass Spectrometry Facility (NOSAMS) in Woods Hole, MA, where 
the samples were sent for AMS analysis.  All samples were handled with latex gloves, dried at 
50° C for twenty four hours within a low temperature oven.   
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Samples were then visually inspected with a microscope at 10X to 40X magnification, 
when necessary, to remove any non-organic constituents and to avoid contamination of the 
sample.  After visual inspection the samples were weighed to the nearest 0.01mg, classified as 
peat, plant, sediment, and wood, stored within individually labeled glass vials and then soon 
thereafter shipped to NOSAMS for analysis. 
  The sample dates that NOSAMS provided were projected within the lithostratigraphic 
cross-sections of the study area to assist in correlating intervals across the transects, in addition 
to identifying stratigraphic offset between cores that was not evident through within the 
lithostratigraphic analysis alone. 
 Optically stimulated luminescence dating 
 In addition to the AMS radiocarbon data, optically stimulated luminescence (OSL) dating 
was used to supplement the chronostratigraphic framework.  Four sediment samples of 
Pleistocene-age clay, which were collected from Fritchie Marsh vibracores FM_01B and 
FM_08B, were sampled and prepared by Dr. Kevin Yeager and his research team at USM before 
shipping the samples for OSL analysis. 
 The OSL dating process is based on a measurement of photons being released by 
sediment grains through the use of either a green, blue, red, or infrared light, in which the 
principal minerals used for OSL analysis are quartz and potassium feldspar (Mahan et al., 2009).  
Through the measurement of photons being released, OSL dating can calculate the amount of 
time since a mineral grain was last exposed to sunlight or intense heat, e.g. deposition (Mahan et 
al., 2009).   
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High Resolution Seismic Survey Collection   
The first seismic survey collected unprocessed data using an EdgeTech SB-216S Full 
Spectrum Sub-Bottom Profiler (CHIRP system) and 3100-P topside processor unit that operated 
within the frequency of 2-16 kHz at 2000 watts (Figure 9).  The seismic data was recorded using 
Edgetech’s Discover software in .JSF format, an EdgeTech native file format designed to create 
only one header file as opposed to the creation of three header files within SEG-Y data formats. 
 
Figure  9.  Images displaying the EdgeTech SB-216S CHIRP system (A); Davit and winch assembly used for 
deployment and towing (B); EdgeTech SB-216S CHIRP system location within water column during data collection 
(C). 
The seismic data of each surveyline was georeferenced in real-time during the survey 
through a Thales Z-MAX Global Positioning System (GPS) that was connected to a Sony Vaio 
computer within the EdgeTech topside processor unit.  The GPS data string was collected in 
National Marine Electronics Association (NMEA) format and recorded as a Global Positioning 
System Fix Data (GGA) string in order to determine an accurate location fix.  The recorded GPS 
data string was merged with the seismic data within the EdgeTech Discover software in order to 
provide a positional offset accuracy that was sub-meter in resolution. 
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The second seismic survey was conducted using an Applied Acoustic Engineering 
(Model AA300) boomer system and a Coda Octopus 760 Sub-bottom Profiling processor.  The 
seismic survey data collection parameters consisted of a 100 Joules/shot power level and an 
industry standard pulse length of 150ms in direct relation to the Joules/shot power level.   
The boomer system, which was mounted on an inflatable catamaran assembly, was towed 
using an UNO EES research vessel with the sound source located approximately 15cm below the 
surface.  In addition to the boomer, an Applied Acoustic Engineering eight-element, hydrophone 
streamer was also towed behind the vessel, with a 50m tow-leader assembly, approximately 1 
meter behind the catamaran.  The hydrophone streamer had a frequency response that ranged 
from 20Hz – 10kHz and a sensitivity of -176dB.  The Coda Octopus 760 processor recorded 
unprocessed seismic data in the standard SEG-Y format, which also simultaneously recorded the 
NMEA GGA GPS data string into the header file from the Thales Z-MAX GPS system. 
Seismic Data Processing: An approach using Windows and Unix operating systems 
 Seismic data collected from both surveys was initially imported into EdgeTech’s 
Discover software, Chesapeake Technology’s SonarWiz.Map software, or Seismic Micro 
Technology’s The Kingdom Suite for processing.  The initial data processing focused on data 
manipulation through signal gain, three-stage time variable gain, and high and low pass time 
varied filter adjustments.  Data manipulation was applied to create final data images that varied 
in signal brightness and contrast in order to identify apparent and discrete subsurface reflectors. 
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The seismic data collected by the CHIRP system was able to be processed within 
Discover and SonarWiz.Map to the point that horizon reflectors were easily recognizable and 
signal multiples were minimized.  Seismic data from the boomer system was not able to be 
processed within any of the aforementioned software packages and a different technique using 
open-source, Unix software was initiated. 
Seismic Unix (Cohen and Stockwell, 2002) is a Unix operating system freeware package 
that was used to process the seismic data after the other processing approaches failed to 
effectively eliminate signal noise and provided limited opportunity to interpret the data.  Within 
Seismic Unix there were several preliminary steps that were completed before inverse processing 
and depth conversions were completed.   
The header information for each SEG-Y files was extracted within the software in order 
to access the information necessary for processing, such as navigation data, sample interval, and 
number of seismic traces.  This was followed by a visual 2-D preprocessing analysis of the 
seismic data traces for quality assurance purposes.  This was followed with the application of a 
scalar (seismic wave equation) to the dataset in order to reduce faint and large amplitude signals 
that may have been present.  After scalar application, additional noise was reduced through the 
use of a low-pass filter and through the application of a band pass filter set to a range of 500 – 
3000Hz based on the frequency response of the boomer system at 100J, which peaks at 
approximately 4000Hz.   
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The final processing steps varied according to the resolution and quality of each recorded 
seismic line.  Application of time-domain automatic gain controls, swell filters, and additional 
adjustments of the Seismic Unix gain scalar were based on user defined parameters and 
stipulations (slight adjustments of gain and low-pass filters), with the ultimate goal of creating 
processed seismic data that could be loaded into The Kingdom Suite or Halliburton’s 
GeoGraphix software for horizon mapping. 
Real-Time Kinematic Surveying 
 Topographic profiles of each vibracore transect within the study area were created in 
 order to establish landscape elevations in a two-dimensional form for visual analysis and 
 as a baseline for future elevation work.   
 The Real-Time Kinematic (RTK) survey was completed using dual frequencies in order 
to achieve horizontal and vertical location accuracies of less than 2cm. The RTK survey 
consisted of three GPS instruments that consisted of a Thales ZMAX GPS base station, Thales 
ZMAX GPS rover, and a Magellan GPS Mobile-Mapper handheld surveying controller.  The 
surveys were conducted on January 21, 2009 for transects A-A’ and C-C’ and January 30, 2009 
for transect B-B’. 
 The base station was set up on a known control point of fixed elevation that consisted of 
the National Geodetic Survey adjusted benchmark BH1212-A193 (Class I, Third Order Vertical 
and Ellipsoid Benchmark) located at N30° 14’19.402”, W089° 37’10.407”.  The base station, 
stationed within approximately 5km of the survey area, was positioned at a 2m height above the 
benchmark and programmed to record data every second at an elevation mask of 10°.   
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The base station recorded position information throughout the data collection by the rover 
for post-processing purposes.  The stationary benchmark system data can be used to correct rover 
coordinates and shift the mobile RTK data to proper positions. 
 The ZMAX rover unit communicated to the Magellan handheld controller through a 
Bluetooth signal.  This provides an easy way to reconfigure the survey in the field when hazards 
or obstacles are encountered that could jeopardize the accuracy of the data.  GPS data points 
were recorded every 10m along the transect lines.   
At each recorded data point the rover required a satellite observation time of at least 30 seconds 
in order to confidently record at sub-centimeter accuracies.  During these 30 second sampling 
intervals a tripod was used for stability.  
 The GPS data was post-processed using Waypoint Products’ GrafNav software.  The 
post-processing procedure was required because the kinematic survey was completed without a 
radio communications link.  Processing relied upon tying the autonomous base station data to the 
recorded rover data.  Using GrafNav, a least squares processing adjustment was applied to 
generate a weighted mean average of the recorded observations.  The GrafNav generated data 
was exported into MathWorks’ Matlab 7.8 software and projected as a two-dimensional transect 
of position and elevation points.   
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For each transect surveyed, the two-dimensional projections represented the topographic 
profile along survey transect.  The topographic data was then tied into the stratigraphic cross-
sections to show the surface elevations associated with each vibracore location.  The topographic 
data was also used to display the elevation change across each transect within the study area and 
provided a basis for additional geomorphological analyses.  These analyses compared 
topographic profile data with data generated from land loss/land gain classifications and 
sinuosity calculations within the areas proximal to the survey transects. 
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RESULTS 
Data collection within the Pearl River study area relied upon a multidisciplinary approach 
that concentrated on surface and subsurface analyses to identify whether there is evidence of 
recent fault motion (~ last 5,000 years).  In a riverine and marsh environment that consists of 
unconsolidated strata, such as the Pearl River Area, a multidisciplinary research approach is 
necessary when investigating whether vertical motion driven by fault motion, differential 
compaction or other known subsidence mechanisms has taken place (Morton et al., 2002; 
Gagliano, 2005; Dokka, 2006; Martin, 2006; Tornqvist, 2006).  
Expectations and Indicators of Fault Motion within the Shallow Stratigraphy 
It can be expected that evidence of fault motion within the geomorphology and shallow 
stratigraphy would manifest through: 1) geomorphologic change that includes the formation of 
open water areas and the expansion of water bodies into unique geometries within the stable 
interior marsh platform, 2) variations of meanders indicated by calculated sinuosity values of 
river channel meanders during a 40 year record, 3) changes in local land loss rates and trends 
during a 40 year record, and 4) subsurface indicators such as chronostratigraphic offsets of 
radiocarbon-dated facies within vibracore transects, lithostratigraphic offsets of facies within 
vibracore transects, and high-resolution seismic data reflectors that display interpreted 
deformation in the form of offsets, unique terminations, and abrupt changes of reflector 
orientations and trends.   
Previous studies that focused on the geomorphology and stratigraphy of coastal Louisiana 
(e.g. Burnett and Schumm, 1983; Holbrook and Schumm, 1999; Morton et al., 2002; Gagliano, 
2003; Martin, 2006) have noted similar physical relationships with fault motion.   
43 
 
Specific examples of previously cited evidence for fault motion include: A) the relationships 
of sinuosity and gradient changes within alluvial river channels (e.g. Burnett and Schumm, 
1983); B) localized wetland loss and accelerated subsidence rates associated with fault 
reactivation induced by hydrocarbon withdrawal and extensional tectonic stresses in the Gulf of 
Mexico Basin (e.g. Morton et al., 2002; Shinkle and Dokka, 2004; Dokka, 2005); and C) wetland 
submergence, saline influx, and the creation of interior ponds within coastal wetland 
environments in response to vertical and lateral movements along shallow fault planes (Gagliano 
et al., 2003). 
Data Collection and Analysis 
The data collected for this study progressed in three stages, with separate field campaigns for 
vibracoring, seismic surveying, and topographic profiling.  After the collection of each of these 
datasets, the raw field data was processed, analyzed for quality assurance and control, then 
inspected and interpreted.  Comparative analysis focused on the recreation of a 
geomorphological, structural, and stratigraphic history of the study area that ranged from ~ 
18,000y.B.P. to present.  Through the integration of vibracore and seismic data that focused on 
lithological indicators, depositional and tectonic histories were established for the Pearl River 
Delta study area. 
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Surface Analyses: Geomorphological Results 
Remote sensing analyses 
 The images from 1965 and 2005 that were used for river sinuosity calculations were also 
processed and interpreted through remote sensing analysis techniques.  The remote sensing 
approach was specifically applied to create a final semi-quantitative map that displayed 
approximate values for land loss and land gain within the study area during the 40 year period 
represented by the imagery.   
As with the majority of Louisiana’s coastal areas, it was expected that land loss of some 
form would have occurred within the study area during this time frame.  However, the main goal 
of this land change assessment was to identify areas within the Pearl River area that showed land 
loss/land change trends.  An additional goal was to identify areas that experienced increased 
stress that may be related to local surface or subsurface processes that altered elevation.  
Previous studies (e.g. Penland and Ramsey, 1990; Penland et al., 1990; Penland et al., 2000) 
have shown that a reduction in landscape elevation can create negative effects stemming from 
elevated flooding frequency and inundation that can promote erosion. 
 The images were initially processed using a simple two-color representation scheme.  
This resulted in the classification of all water features as white and vegetation as gray (Figure 
22).  Each classified image was then processed to calculate the total areas of land and water for 
that specific period of time.  The final values of area for each time frame were cross-correlated 
and a calculation of land change was obtained.  Values for the total area of change and total 
percent change are provided in Table 2. 
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The values of Table 2 show the magnitude of land gained, land lost, and land and water 
that remains unchanged for the time period between imagery.  The unchanged classification 
values represent the areas of land and water that remained constant during the 40 year period.  
The land gained and land lost values are the most significant indicators, since they represent the 
total amounts of land that underwent positive (accretion) and negative (submergence) growth.  
 
 
Figure 22. Processed remote sensing classification of land and water features within the Pearl River Study area: A) 
1965 and B) 2005. The gray and white colors represent land cover and water bodies, respectively. 
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Table 2. Total values of change in acres, square kilometers, and percent increase of change across similar areas 
derived from remote sensing land change analyses within the Pearl River study area for the time period 1965 to 
2005. 
 
During the 40-year period the total land loss was approximately 2 km2, a negative change 
of 9.6% within the 25.07 km2 area that was classified and processed.  The percent change value 
was used to calculate a 0.062 km2/year land loss rate for the 40 year period. This magnitude of 
land loss appears to be uniformly distributed across the study area.  A final map was generated to 
display the overall land change that had occurred within the study area between 1965 to 2005 
(Figure 23). 
 
Change in 
Hectares 
(1965-2005) Km2 
% Increase 
(1965-2005) 
Water  224.99 2.25 8.4 
Land Gained 15.30 0.15 0.6 
Land Lost 240.29 2.40 9.6 
Land Unchanged 2023.46 20.27  
 Total 2504.04 25.07   
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Figure 23.  Land change map for the Pearl River study area derived by comparing imagery from 1965 to 2005. 
 
Sinuosity analyses 
Sinuosity calculations were derived for the five main river channels within the Pearl 
River watershed, with a specific focus on the West and West Middle Pearl Rivers because of 
local escarpments mapped by Heinrich (2006) to be related to fault motion.  Sinuosity values 
were obtained from digitally mapped and measured channel patterns interpreted from aerial 
photography.   
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For this study 1965 direct overhead photography (provided by Dr. Kevin Yeager, Dept. 
of Marine Science, University of Southern Mississippi) was compared to satellite imagery from 
2005.  The comparison of sinuosity data obtained from the two imagery sets was designed to 
expose variation in channel patterns during the time interval and gain additional insight about 
downstream changes in gradient.  This approach was used to identify areas that may have 
undergone deformation during the past 40 years, because initial fault motion may not be 
immediately apparent and will develop later as streams adjust to the elevation change (Schumm 
et al., 1982).  Schumm et al. (2000) and many others (e.g. Schumm et al., 1982; Burnett and 
Schumm, 1983; Rosgen, 1996; Bridge, 2003) have shown that changes in sinuosity of a stream 
can reflect vertical adjustments in the subsurface.  Thus, sinuosity changes could provide insight 
to fault deformation in the subsurface that manifests as surface elevation changes. 
The sinuosity results for 1965 and 2005 were overlain on base maps of the study area 
using a color-coded classification that identified stream segments as either low (1.00 – 1.205), 
intermediate (1.206 – 1.662), or high (1.662 – 2.552) sinuosity approach used by Rosgen (1996) 
(Figures 24 and 25).  A visual comparison between the two analyses was then completed to 
define changes in meander sinuosity.  
Within the study area an overall increase in sinuosities was calculated for the West Pearl 
and West Middle Pearl Rivers during the time period between 1965 and 2005.  These changes 
are particularly evident in the areas proximal to stratigraphic transect A-A′ and B-B′ (Tables 3, 
4).  This increase in channel sinuosities suggests that the western portion of the Pearl River 
watershed have may experienced an increase in channel gradient during the past 40 years.   
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Figure 24. Color representation of calculated channel sinuosity values for the Pearl River study area, 1965.  
Sinuosity values are classified as low (1.00 – 1.205), intermediate (1.206 – 1.662), and high (1.663 – 2.552). 
1965 
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Figure 25. Color representation of calculated channel sinuosity values for the Pearl River study area, 2005.  
Sinuosity values are classified as low (1.00 – 1.205), intermediate (1.206 – 1.662), and high (1.663 – 2.552). 
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Table 3.  Sinuosity values and zones of sinuosity changes (gray diagonals) determined for the West Pearl River 
between the years 1965 and 2005.  The data show an increase in sinuosity values for segments (previously defined 
in Figure 7) 3, 4, 6, 7, 11, and 12. 
 
 
Table 4.  Sinuosity vales and zones of sinuosity changes (gray diagonals) determined for the West Middle Pearl 
River between the years 1965 and 2005.  The data generally show increase in sinuosity values for segments 
(previously defined in Figure 7) 3 – 5, 7 – 11 and 17 – 21. 
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Subsurface Analyses: Stratigraphic Results 
 Twenty one vibracores were collected along three transects (A-A′, B-B′, C-C′) within the 
Pearl River and Fritchie Marsh areas (Figure 26).  Each core was logged in the laboratory using 
standard logging techniques.  Core photographs and description sheets, created through personal 
interpretations, were used as the basis for lithostratigraphic analysis for all of the cores on 
individual core and transect scales.  Transects A-A′ and B-B′ are located on the West and West 
Middle Pearl Rivers, respectively, whereas C-C′ is located within the Fritchie Marsh area 
approximately 4km from the West Pearl River (Figure 26).  
 
Figure 26.  Location of vibracores, vibracore transects, and high-resolution seismic survey lines within the Pearl 
River and Fritchie Marsh study area.  WP and WMP mark the locations of the West Pearl and West Middle Pearl 
Rivers, respectively.  Note the position of the fault scarp (dashed line between Fritchie Marsh and HW 90) mapped 
by Heinrich (2006) (Figure 5) near the West Pearl River (modified from United States Geological Survey DOQQ 
data, 2005). 
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 Lithostratigraphy relationships within A-A′ 
Cross section A-A′ consists of six vibracores that ranged in depth from 5.6 m to 7.7 m 
below the marsh platform (Figure 27).  A total of four different facies were noted in the 
vibracores of A-A′ (Figure 27).  The lower 1 to ~ 4m of the vibracores consisted of a mixture of 
facies that ranged between clay to sand in texture.  Each unit varied considerably in total 
thickness across the transect.  Within these units the total percent organic matter was generally 
less than 40%.  In most cases these organics consisted of small detrital fragments less than 1 cm 
in size.  Clay units in these lower intervals ranged in color from olive black (5Y 2/1) to dusky 
yellowish brown (10YR 2/2), whereas the sandier horizons tended to consist of pale yellowish 
brown (10YR 6/2) to light brown (5Y 5/2) sediment.  Sandy sediment was typically fine grained 
(sensu Wentworth Scale). 
 Overlying these lower highly heterogeneous strata were thick, as much as ~5m, organic-
rich strata that contained a range of subordinate clay to sand-rich strata that were cm-scale 
thickness.  These strata ranged in color from dusky yellowish brown (10YR 2/2) to olive black 
(5Y 2/2).  Within these units the total percent of organic matter was generally more than 60%, 
but less than 100%.  The organics within these units consisted of a mixture of root and vegetation 
fragments that generally ranged in size from ~1 to 5cm.  Sand lenses that were present within 
these units were fine grained, generally less than 10cm in thickness, and ranged in color from 
pale yellowish brown (10YR 6/2) to light brown (5Y 5/2). 
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Figure 27. Facies interpretation and associated physical characteristics of vibracores located on transect A-A′.  In 
general this cross section contains a thick upper suite of organic-rich strata that overly fining-upward, clay-rich 
strata that are highest in percent sand at depth.  Location of cross section shown on figure 26. 
 
Lithostratigraphy relationships within B-B′ 
Cross section B-B′ consists of seven vibracores that ranged in depth from 2.4 to 6.8 m 
below the marsh platform (Figure 26).  A total of five different facies were noted in the 
vibracores of B-B′ (Figure 28).  The lower 1 to ~ 5 m of the vibracores consisted of a mixture of 
facies that ranged between clay to sand.  Each unit varied considerably in total thickness.  Within 
these units the total percent organic matter was generally less than 40%.  In most cases these 
organics consisted of small detrital fragments less than 1 cm in size.   
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Clays in these lower intervals ranged in color from olive black (5Y 2/1) to dark yellowish 
brown (10YR 4/2), whereas the sandier horizons tended to consist of pale yellowish brown 
(10YR 6/2) to yellowish gray (5Y 8/1).  Sandy sediment typically ranged from fine to medium 
grained.  Vibracore 01A_08 of B-B′ was the only core that contained a clay facies that was 
interpreted as the Pleistocene-age Prairie clay, present at depths in excess of 6 m. This unit was 
interpreted on the basis of Louisiana stratigraphic data published by the USGS (USGS, 1998).  
This unit consisted of a fining upward, oxidized clay that ranged in color from medium light gray 
(N6) to dusky yellowish brown (10YR 12/2). 
Stratigraphically overlying these lower strata were thinner, generally ~1 m thick, organic 
strata that contained a heterogeneous assemblage of clay to sand-rich facies.  These strata ranged 
in color from dusky yellowish brown (10YR 2/2) to olive black (5Y 2/2).  Within these units the 
total percent of organic matter observed was generally more than 60%.   
The organics within these units consisted of a mixture of root and vegetation fragments 
that generally ranged in size from ~1 to 5 cm.  Sand lenses that were present within these units 
were fine grained, generally less than 10 cm in thickness, and ranged in color from pale 
yellowish brown (10YR 6/2) to light brown (5Y 5/2). 
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Figure 28. Facies interpretation and associated physical characteristics of vibracores located on transect B-B′.  Note 
the abundance of sand-rich facies and sand lenses within T2-04A-08 and T2-08A-08, which contain strata typical for 
a point bar depositional setting.  This can be expected since core location T2-04A-08 and T2-08A-08 penetrated 
strata on a channel meander of the West Pearl River (Figure 26). 
 
Lithostratigraphy relationships within C-C′ 
Cross section C-C′ consists of eight vibracores that ranged in depth from 1.2 m to 2.4 m 
below the marsh platform (Figure 29).  A total of four different facies were noted in the 
vibracores of C-C′ (Figure 29).  The lower 0.5 to ~ 2.0 m of the vibracores consisted of stiff 
sandy clay facies that were interpreted as Pleistocene-age Prairie facies (USGS, 1998).   
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Each of the overlying units varied considerably in total thickness.  Within these units the 
total percent organic matter observed was generally less than 10%.  The colors within these units 
ranged from dark yellowish brown (10YR 4/2) to light olive gray (5Y 6/1), with oxidized units 
generally classified as dark yellowish orange (10YR 6/6).   
Overlying these lower homogeneous strata were thin, less than 75cm thick, organic strata 
that contained a range of clay to sand-rich facies.  These strata ranged in color from olive black 
(5Y 2/1) to dusky yellowish brown (10YR 2/2).  The total percent of organics within these units 
was generally depth dependent.  The facies that contained more than 50% organic material were 
generally restricted to the top 40cm of the cores.  Underlying the organic rich units were strata 
that contained a mixture of clay to sand facies that generally consisted of less than 40% organics.  
These strata contained higher percentages of sand that ranged from ~10 to 50% and sand lenses 
that were less than 10 cm in thickness.  The strata within this unit had sharp contacts with the 
overlying organic rich units and the underlying Pleistocene clay units that consisted of a fining 
upward, oxidized clay that ranged in color from medium light gray (N6) to dusky yellowish 
brown (10YR 12/2), which were similar to the Pleistocene clay of transect B-B′. 
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Figure 29. Facies interpretation and associated physical characteristics of strata from vibracores located on transect 
C-C′.  Vibracores collected within the Fritchie Marsh did not exceed depths greater than 3 m due to the shallow 
position of dense, Pleistocene clays.  Note the abundance of sand lenses within the Pleistocene and Holocene clays, 
which are suggestive of numerous historical flooding events within the area. 
 
Lithostratigraphy Summary  
Lithostratigraphic similarities that were observed within the vibracores of transect A-A′, 
B-B′, and C-C′ included: A) uppermost strata that contained more than ~40% organic-rich 
material with an increase in thickness within A-A′ and B-B′ the farther the vibracores were 
collected from the river channels; B) subjacent fining-upward units marked by sharp, sand-rich 
basal boundaries and gradational changes at the top; and C) increased abundance of sand lenses 
within cores that were collected adjacent to river channels, which probably reflect flood events 
and splays. 
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Two important lithostratigraphic differences were observed however when comparing the 
range of transects.  Vibracores collected along transect C-C′ within the Fritchie Marsh penetrated 
to much shallower depths compared to the vibracores collected along the West Pearl and West 
Middle Pearl Rivers (A-A′ and B-B′).  It should be noted that the shallow vibracore depths along 
C-C′ was the direct result of the Fritchie Marsh being located immediately adjacent to the 
Pleistocene Terrace, whereas transects A-A′ and B-B′ are within the Pearl River valley areas ~5 
km to the east (Figure 26).  The second major difference was observed along transect B-B′ 
within vibracores T2-04A-08 and T2-08A-08, which contained thicker (more than ~1 m), sand-
rich units and a greater abundance of sand lenses in comparison to A-A′ and C-C′.  This was also 
the result of the geographic location where vibracores T2-04A-08 and T2-08A-08 were 
collected, which was within a historically active point bar depositional environment and has 
since been preserved by modern marsh development and accretion above the relict point bar 
sequence. 
Litho-facies and Depositional Environment Interpretations 
 Depositional environments of the strata within the vibracores were interpreted on the 
basis of the characteristics of the intervals documented within the vibracores (Figures 30, 31, 
32).  The facies frameworks used in this study relied primarily by those established by Hanyes 
(1979), Coleman and Prior (1980), Penland et al. (1988), and Saucier (1994).  These publications 
established the typical array of facies and their correlative depositional environments for the 
northern Gulf of Mexico, providing a basis for interpretations presented in this study.   
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In this study area five distinct environments reflecting depositional environments are 
recognized, they include: (A) coastal marsh, (B) backswamp, (C) distributary channels, (D) 
interdistributary bay and (E) the poorly documented Pleistocene environments associated with 
dense, oxidized clays intermixed with medium to coarse-grained sand.  
Organic-rich facies 
 Across all of the transects the uppermost ~1m consisted of highly organic sediment that 
was black in color (ranging from 10YR 2/2 to 5Y 2/2).  The dark organic nature of this unit, 
stratigraphic elevation, and presence of whole root and plant fragments indicates that this unit 
represents the modern marsh platform.  Development of the marsh platform is a result of 
vegetation growth and the resulting accretion of plant material onto the marsh surface.  Localized 
seams of clastic material within the otherwise organic-rich layers likely is a result of periodic 
riverine and tidal flood events, and possibly hurricanes, that are capable of delivering sediment to 
the marsh surface (Cahoon, et al., 1999). 
Backswamp facies 
The absence of sand-sized sediment within the stratigraphically mixed, fine-grained silt 
and clay intervals suggests deposition within a typically low energy environment.  Saucier 
(1994) recognized backswamp environments as organic-rich locations where silt and clay-sized 
sediment is deposited during flooding events, within environments along the upper, lower delta 
plain of a prograding deltaic system.  This environment mainly consists of subaerial floodplain, 
which is substantially less influenced by tidal processes than a lower deltaic plain (Penland et al., 
1988). 
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 Distributary channel facies 
Distributary channel facies were identified on the basis of sediment texture (abundance of 
fine to medium-grained sand), vertical grain-size trend (fining upward), and the presence of a 
sharp basal contact with underlying strata.  Within the three transects of the study area facies 
interpreted as distributary channel were underlain by a sharp, erosional contact.  This erosional 
surface and overlying sediment was interpreted as the result of changing patterns of active 
distributary channels across the Pearl River deltaic area that transgressively evolved from a 
lower deltaic plain to a backswamp environment (Saucier, 1994). 
 Interdistributary bay facies 
The intervals that consisted of silt and clay-sized sediments intermixed with coarser 
grained lenticular laminae were interpreted as interdistributary bay facies.  Interdistributary bay 
facies, which are present within the lower deltaic plain, are associated with marshy mudflats that 
were cut by small channels of slow-moving water (Haynes, 1979).  Within the lower delta plain 
interdistributary environments are located between distributary channels; the presence of this 
facies between interpreted distributary facies along all three transects further supports this 
interpretation. 
 Pleistocene Clay 
The lowermost unit identified within cores of the study area was stiff oxidized clay.  A 
sharp contact of this unit with overlying strata suggests a possible erosional surface that was 
subaerially exposed during sea-level lowstand and possibly incised by the Pearl River channels 
and distributaries as the area transgressively evolved during the Holocene (Fisk, 1939). 
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Figure 30.  Interpreted lithofacies and depositional environments within transect A-A′. The heavy green line represents the actual topographic profile established 
using the GPS surveying methods outlined in the text. Note the relatively higher topography of the marsh surface to the south as well as changes in the depth of 
the contact between marsh and backswamp.
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Figure 31.  Observed litho-facies and depositional environments within transect B-B′.
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Figure 32.  Observed litho-facies and depositional environments within transect C-C ′.
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Chronostratigraphy 
 Organic-rich facies intervals within cores located on transect A-A′ and B-B′ were 
selected across a range of depths for radiocarbon dating.  Samples were collected at specific 
vertical locations within the cores in order to establish a chronostratigraphic framework of the 
Pearl River area that could be used to correlate chronostratigraphic intervals within each transect.  
This approach was undertaken to determine whether chronostratigraphic intervals within the 
vibracores had undergone differential vertical displacement that could reflect deformation 
through fault-induced displacement or differential compaction of strata.  Subsurface deformation, 
regardless of the driving process, would be evident because of significant differences in age 
displayed relatively similar subsurface depths within the cross sections.  Tables 5 and 6 list the 
depths of samples and returned age results determined through 14C dating techniques. 
 
 Core ID Depth (cm) 
14
C Age Years B.P. (error)  
 
 
PR_01_08 60 260 +/- 30  
 
  125 1300 +/- 30   
 
  385 4030 +/- 40   
 
  550 5010 +/- 55   
 
PR_02_08 195 2690 +/- 25   
 
  280 3580 +/- 35   
  
365 315 +/- 30 
 
 
PR_03_08 140 1800 +/- 35  
 
  472 Modern   
  
98 325 +/- 25 
 
 
PR_04_08 180 300 +/- 25  
 
  275 350 +/- 25   
 
PR_05_08 430 4100 +/- 25   
 
  570 5280 +/- 35   
 
PR_06_08 70 Modern   
 
  262 3300 +/- 30 
 
 
  341 3750 +/- 30 
 
 
  500 5040 +/- 30 
 
     Table 5. Core identification, depth, and radiocarbon age of samples collected from specific intervals within the 
vibracores located on Transect A- A′.  It is important to note that samples with a returned age result of modern, are 
defined as having 95% of the 14C for AD 1950 (Karlen et al., 1968). 
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Within transect A-A′ chronostratigraphic offsets was identified in core PR_04_08.  At 
depths of 180cm and 275cm the 14C dates measured were 300yBP and 350yBP, respectively.  
At relatively similar core depths across transect the average measured 14C date was 
approximately 3400yBP, based on the placement of isochron lines (Figure 33).  
 The sampled 14C facies within transect B-B′ also displayed chronostratigraphic 
subsurface offsets within the cores.  Transect B-B′ is located to the west of the West Middle 
Pearl transect on the West Pearl River.  As previously discussed, B-B′ is oriented in a northeast 
to southwest direction that intersects a channel meander.  The uncorrelative 14C dates were from 
cores that were located proximal to the river channel.  Cores 01A, 03A, and 04A provided 
unique 14C dates for the approximate 5960yBP, 4180yBP, and 3120yBP isochrons, respectively 
(Figure 34).  The respective 14C facies were located at depths between 80cm and 110cm (Table 
3). 
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Core ID Depth (cm) 
14
C Age Years B.P. (error) 
 
 
PR08_01A_T2 110 1490 (+/- 25) 
 
 
  335 3360 (+/- 30) 
 
 
  573 5960 (+/- 30) 
 
 
PR08_02A_T2 175 2220 (+/- 35) 
 
 
PR08_03A_T2 100 745 (+/- 25) 
 
 
  235 2200 (+/- 30) 
 
 
  347 4180 (+/- 40) 
 
 
PR08_04A_T2 80 3120 (+/- 35) 
 
 
PR08_08A_T2 98 384 (+/- 30) 
 
 
PR08_09A_T2 91 410 +/- 30 
 
 
  237 2100 +/- 30 
 
 
  350 3020 +/- 40 
 
 
  555 4950 +/- 45 
 
 
PR08_10A_T2 135 1550 +/- 35 
 
 
  194 2090 +/- 40 
 
 
  350 3690 +/- 30 
 
 
  590 4970 +/- 40 
 
     Table 6. Core identification, depth, and radiocarbon age of samples collected from specific intervals within the 
vibracores located on Transect B to B′. 
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Figure 33.  Pearl River Transect A to A′ displaying the radiocarbon dated facies with non-correlative isochron lines. 
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Figure 34.  Pearl River Transect B to B′ displaying the radiocarbon dated facies with non-correlative isochron lines. 
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Seismic Data Observations 
High-resolution CHIRP and Boomer seismic data collected in 2007 and 2008 was used to 
supplement the lithostratigraphic data obtained within the vibracores.  Details of the seismic data 
collection and processing techniques are presented in the methods section.  In this section the 
discussion focuses on the seismic survey data that was collected within the West and Middle 
West Pearl Rivers of the study area (Figure 35). 
 
 
Figure 35. Distribution of collected high-resolution seismic data within the West and West Middle Pearl Rivers 
within the Pearl River study area.  Within these two areas a total of 20km of line data was collected, processed, and 
analyzed.  (WP = West Pearl, WMP = West Middle Pearl). 
Johnson Pass 
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The purpose for collecting and interpreting seismic data was to establish whether there 
exists any subsurface signs of deformation within the shallow stratigraphy and to establish 
whether there was subsurface evidence for vertical motion driven by motion along shallow 
faults.  Indicators of potential fault motion within the unconsolidated Holocene sediments of the 
study area were expected to be present in the form of: 1) offset seismic reflectors, 2) severely 
deformed reflectors that did not represent depositional processes, and 3) distinct vertical to sub-
vertical fault planes across which horizontal reflectors were discontinuous.  These types of 
features would be expected to exist when strata has been cut by a fault that extends to the surface 
from depth.  In consolidated strata, fault motion would most likely manifest as a sharply defined 
vertical plane of offset, whereas in unconsolidated strata, the only evidence may be in the form 
of deformed strata with no corresponding plan of offset (i.e. gradual, slumping offsets within 
subsurface intervals). 
 Eighteen seismic survey lines, covering approximately 20 km, were obtained within the 
West and West Middle Pearl Rivers of the study area.  The seismic data was specifically 
collected within areas that were adjacent to the vibracore transects of A-A′ and B-B′.  Areas with 
unique geomorphological features within regional imagery, such as east-west aligned meanders, 
channels, and open water bodies within the interior marsh platform, were also areas of interest 
where seismic data was specifically collected.  
West Pearl Seismic Data 
 A total of nine seismic lines were collected within the West Pearl River (Figure 36).  In 
addition to the West Pearl channel, seismic data was also recorded within two industrial canals 
(lines West_04 and West_05) that are located adjacent to the fault-line scarp mapped by Heinrich 
(2006). 
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Figure 36.  Mapped locations of high resolution seismic lines collected within the West Pearl River channel and two 
industrial canals. 
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 Survey line West_03 
 Figure 37 shows a ~200m long profile segment that was taken from West_03 of the West 
Pearl River (Figs 35, 36).  This profile is typical of much of the data that was collected.   
This profile shows several shallow high amplitude reflectors to a sub-channel depth of ~3 to 4 m.  
The uppermost reflector is a strong return that is interpreted to represent the water-sediment 
interface.  The water-sediment interface reflector is evident because of its parallel reflection 
geometry and the moderate to high reflector amplitude return created at this acoustic boundary.  
Underlying the water-sediment interface is a reflector that is characterized by its high amplitude 
and parallel to divergent reflection configurations.  Locally, the undulations of this reflector 
appear to merge with the sea floor reflector and is separated from the seafloor by a zone of thin 
(< 1m), transparent reflectors.  Beneath this reflector are nonparallel, wavy reflectors that are 
essentially continuous.  The wavy characteristics may be the result of relict bedforms migrating 
through the channel or the result of differential erosion across the channel.   
 Below the second reflector of West_03 there was a low amount of acoustic energy 
returned to the CHIRP, resulting in faint or absent subsurface reflectors that were recorded in the 
form of transparent or fuzzy reflections and frequent reflector multiples.  
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Figure 37.  200m segment of West Pearl River seismic survey line West_03.  Note the wavy reflectors that directly 
underlie the sediment – water interface (first, strong amplitude reflector). 
 
 Survey line West_06 
 Figure 38 shows a ~200m long profile segment that was taken from West_06 of the West 
Pearl River (Figs 35, 36).  This profile shows several shallow high amplitude reflectors to a sub-
channel thalweg depth of ~ 7 to 14m.  The uppermost reflector at ~ 6 to 7m is interpreted as the 
water-sediment interface.  The water-sediment interface is characterized by its very high 
amplitude and relatively continuous parallel reflection configuration.  Underlying the water-
sediment interface reflector is a high amplitude, parallel to divergent reflector.  This reflector is 
interpreted as intersecting the water-sediment interface at several locations before dissipating 
laterally within a high amplitude zone of chaotic reflectors.  Beneath the second primary 
reflector is a zone of alternating high and low amplitude reflectors that are largely continuous 
and characterized by parallel to divergent reflection configurations.  This zone consists of 
interpreted paleochannel and channel-fill reflectors represented by concave, parallel reflectors 
that are the result of subsequent deposition within the channelized body. 
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Below the zone of reflectors within West_06 there was a low amount of acoustic energy 
returned to the CHIRP.  The decreased acoustic energy resulted in the collection of faint or 
reflectors that were in the form of semi-transparent to transparent reflections and reflection 
multiples.  
 
Figure 38.  200m segment of West Pearl River seismic survey line West_06.  Note the alternating high and low 
amplitude concavity reflections that are interpreted as paleochannel and channel-fill reflectors. 
 
West Middle Pearl seismic data 
Seven seismic lines were recorded within the West Middle Pearl River (Figure 39).  The 
seismic survey lines within the Middle West Pearl River channel extended from the north of the 
Highway 90 Bridge to the approximate southern location of Johnson Pass, a channel that 
connects the West Middle and West Pearl Rivers. 
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Figure 39.  Mapped locations of high resolution seismic lines collected within the West Middle Pearl River channel. 
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Survey line West_Middle_06 – segment 1 
Figure 40 shows a ~150m long profile that was taken from West_Middle_06 (Figs. 35, 
36).  This profile shows two interpreted high amplitude shallow reflectors to a channel depth of 
~7 to 9m.   
The first high amplitude reflector is interpreted as the water –sediment interface.  This 
reflector is characterized by its uniform reflection configuration that is continuous and parallel.  
The second high amplitude reflector that underlies the water –sediment interface is characterized 
by its parallel to divergent configuration.  This reflector intersects the water – sediment interface 
at several locations (within the central portion of figure 40, at a depth of ~1m below sea-level), 
characterized by very high amplitude returns and a pinch out of the second reflector.  Between 
the interpreted water – sediment interface and second reflectors is a thin (< 1m) internal zone of 
reflectors that exhibit a range of amplitude, frequency, and geometry. 
Underlying the second high amplitude reflector is a zone of faint, but generally parallel 
reflectors that ranges in thickness from ~5 to 10m.  This interval is identified by its variable 
internal amplitudes and parallel to divergent reflectors that are discontinuous (located ~100m 
south, at a depth ~4 to 8m below the water – sediment interface within figure 40), which were 
interpreted as vertically offset reflectors that may the result of fault motion.  The discontinuous 
reflectors within this zone show abrupt terminations, pinch outs, and a disconcordant trending, 
parallel and divergent reflector that intersects multiple reflectors.  Underlying the zone of 
deformation, at depths ranging from ~6 to 10 m below the sea floor, are faint reflectors that were 
recorded in the form of mostly transparent, barely discernible reflections and multiples.  
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Figure 40.  150m segment of West Middle Pearl River seismic survey line West_Middle_06.  Vertically offset 
reflectors were interpreted ~25m south of the central portion of the figure at depths ~4 to 8m below the water – 
sediment interface.   
 
Survey line West_Middle_06 – segment 2 
Figure 41 shows a ~150m long profile extracted from the data file West_Middle_06 
(Figs. 35, 36).  This profile shows a high amplitude shallow reflector at a depth of ~ 8 to 10m.  
This reflector is interpreted as the water – sediment interface, evident from its high amplitude, 
parallel to divergent continuous reflectors.  The water – sediment interface reflector displays two 
areas of moderate amplitude returns with thin (<1m) parallel to divergent reflection features.  
Underlying the water – sediment interface is a thin zone of low to medium amplitude reflectors 
that are discontinuous, parallel to divergent, and intersect the base of the water – sediment 
interface at multiple locations.   
Beneath this zone is a ~ 2 to 4m thick zone of alternating high and low amplitude 
reflectors.  This zone contains reflectors that are interpreted to represent pinch out features and 
continuous, linear parallel to divergent characteristics that are perpendicular to the overall trend 
displayed within the reflectors of this zone.   
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With the exception of the perpendicular, cross-cutting reflectors, the rest of the reflectors 
within this zone are interpreted as the result of depositional processes.  At depths ranging from 
~6 to 10 m below the water – sediment interface, was a zone of faint reflections.  As observed in 
previously mentioned seismic imagery, this zone returned reflection multiples and mostly 
transparent reflectors due to a lack of acoustic energy and impedance.  
 
Figure 41.  150m segment of West Middle Pearl River seismic survey line West_Middle_06.  Note the vertical 
reflectors within the center of the figure at depths ranging ~2 to 8m below the water – sediment interface. 
 
Survey line West_Middle_02 
Figure 42 shows a ~150m long profile segment that was taken from West_Middle_02 
(Figs 35, 36).  This profile shows an interpreted high amplitude shallow reflector at a depth of ~8 
to 11m.  This thin (<1m) reflector is interpreted as the water – sediment interface, which was 
characterized by its high amplitude, mounded structure geometries, and parallel to divergent 
continuous reflectors.   
 
80 
 
Underlying the water – sediment interface is an internal zone of interpreted chaotic 
reflectors that ranges in amplitude values from faint to moderate.  The internal reflectors of this 
zone are discontinuous except for an ~30m length of section that is ~4 to 5m thick, which 
contains multiple reflectors that are characterized by a concave-form.  The overall thickness of 
the zone is variable within the ~150 m track-line segment since the reflectors are faint and 
indiscernible at the thick (~ 5 to 10 m), northeast portions of the segment.  These reflectors 
additionally pinch out by truncation into the water-sediment interface. 
The interpreted high amplitude reflector that underlies the chaotic zone is characterized 
as a thin (~1 to 2m), discontinuous, and divergent reflector that is evident for ~100 m within the 
seismic segment.  Toward the southwest within Figure 42, the upper ~ 20 m of recorded seismic 
data displays faint amplitude values and no reflectors are indiscernible.  The moderate to high 
amplitude reflector that is visible contains features that are vertically and perpendicularly 
positioned relative to the concordant trends displayed within this reflector interval and the water 
– sediment interface (located ~125m to the southwest of the profile segment at depths ~2 to 4m 
below the water – sediment interface within figure 42).  Interpreted as deformational and 
erosional features, the discordant reflectors (~ 2 to 3 m in length) are characterized by their high-
angle terminations and parallel, vertical orientations.  Underlying this unique zone, at depths 
ranging from ~3 to 5 m below the water – sediment interface, there was a low amount of acoustic 
energy returned to the CHIRP, which affected the recognition of reflectors within the seismic 
imagery. 
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Figure 42.  150m segment of West Middle Pearl River seismic survey line West_Middle_02.  The area of interest 
within the figure contains vertical reflectors that resulted in the formation of offset and abruptly terminated 
reflectors, located within the figure ~125m to the southwest of the profile segment at depths ~2 to 4m below the 
water – sediment interface. 
 
Summation of Results 
 Geomorphological indicators 
 Landscape changes, spanning a 40 year period (1965 to 2005), were documented through 
channel sinuosity calculations and land loss analyses.  The results of these analyses can be 
summarized by the following statements: A) negative elevation changes have taken place within 
the interior marsh platform of the study area.  These reductions in elevation are evident by, the 
formation of new water bodies, distributary channels, and increased sinuosity values within 
channel meanders at discrete locations of the study area, which reflect changes in downstream 
gradient  (Burnett and Schumm, 1983; Day et al., 1994; Holbrook and Schumm, 1999; Gagliano, 
2003); B) there exists linear topographic irregularities evident as unique water body geometries 
and distributary channel meander trends that are parallel to strike of the coastline and that of the 
eastern portion of the Baton Rouge Fault Zone  (Carver, 1968; Lopez et al., 1997; Heinrich, 
2006; Davies et al., 2009). 
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Stratigraphic indicators 
 Within the vibracores and stratigraphic cross-sections there are a range of 
lithostratigraphic and chronostratigraphic observations that have been made: A) Within transect 
A-A′, the thickest intervals of marsh facies are located within cores PR_04_08, PR_05_08, and 
PR_06_08.  These locally thick intervals are located adjacent to thin intervals suggesting a local 
increase in accommodation space and marsh accretion; B) Horizons within core PR_04_08 of 
transect A-A′ are relatively offset such that young ages of dated peats are laterally equivalent to 
peats dated at several thousand years.   
 High-resolution seismic reflection indicators 
 An analysis of the seismic data reveals that: A) Parallel, continuous reflectors are locally 
offset vertically and abruptly terminate at vertical to sub-vertical boundaries at three different 
locations; B) There exists unique reflector signatures that are proximal to changes in horizon 
thickness. 
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DISCUSSION  
 Geomorphic, lithostratigraphic, and chronostratigraphic data have been integrated to 
provide a general investigation of whether recent vertical offset, driven by fault motion, has 
taken place in the lower Pearl River delta.  These data individually support the presence of 
shallow vertical offsets evident as gradient changes driving sinuosity, land-water conversion 
patterns, facies variability, and offset chronostratigraphic markers.  Locally, seismic profiles 
suggest the presence of discernable deformation and the presence of a fault plane, although the 
quality of the seismic data within the organic-rich strata precludes an irrefutable identification.  
The deformational features observed within the data present consistent and plausible 
sources of evidence that support the primary hypothesis suggesting that if faults were present 
within the study area, evidence would be observed within the stratigraphic and high-resolution 
seismic datasets.    
Surface Geomorphic Evidence of Elevation Changes 
 Studies by Schumm et al. (1982) and Burnett and Schumm (1983) state that alluvial 
valleys influenced by neotectonic activity will undergo changes in stream gradient and stream 
flow stability.  Geomorphic signatures within alluvial systems that are related to such changes in 
valley gradient are often identified through sinuosity changes, since a stream will adjust its flow 
pattern to maintain a constant gradient (Schumm et al., 1982).  Within an alluvial environment 
that is affected by neotectonic activity, changes in stream flow alignments are generally seen 
within channel meanders in the direction of the major fault trends, however it is important to 
note that additional geomorphic variables may be also be taking place (e.g. subsidence and 
tributary influences) (Fisk, 1944).    
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As presented in previous thesis sections, geomorphic evidence of elevation change has 
been identified within the West and West Middle Pearl River channels in the form of historical 
channel meander sinuosity increases and unique stream channel alignments.   
The channel segments that displayed historical increases in sinuosity values were also 
areas that contained unique channel meander patterns that trend along an east-west strike, in the 
same general direction as the Baton Rouge Fault Zone that has been suggested to extend into the 
Pearl River delta area (Figure 43) (Lopez et al., 1997; Heinrich, 2006). 
 
 
 
 
 
 
 
 
 
85 
 
 
 
Figure 43.  Map of the study area that highlights areas of geomorphic change (based on sinuosity data presented in 
tables 3 and 4) for the West and West Middle Pearl River channel segments (outlined in grey) that have undergone 
historical channel sinuosity increases and display unique channel alignment patterns.  The east-west channel 
alignment trends are oriented along strike of the Baton Rouge Fault Zone (Lopez et al., 1997) (in red) and a mapped 
fault-line scarp (in yellow) (Heinrich, 2006).  
 
 
 
 
 
Mapped Fault-Line Scarp 
(Heinrich, 2006) 
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Subsurface Evidence of Vertical Motion 
 Studies by Fisk (1944), Frazier (1974), Lopez et al. (1997), Gagliano et al. (2003), and 
Heinrich (2006) suggest that the eastern extent of the Baton Rouge Fault Zone is located adjacent 
to, if not within, the Pearl River delta area.  Mapped faults within the shallow, unconsolidated 
stratigraphy of Lake Pontchartrain (Lopez et al., 1997) and fault-line scarps within the northwest 
area of the Pearl River study area (Heinrich, 2006) provide evidence that support the proposed 
east-southeast trend of the Baton Rouge Fault Zone (Figures 4,5).   
 As presented within previous sections of this thesis, similar features have also been 
identified within the stratigraphic and seismic data that support the suggested east-southeast 
extension of the Baton Rouge Fault Zone into or adjacent the Pearl River delta area (Figures 33, 
40, 41, 42).  The following sections highlight features identified within stratigraphic and seismic 
data collected for this study that suggest vertical motion has taken place.  
Mechanical Response to Stress: Lithified versus Unconsolidated Sediment  
 The unconsolidated sediment of the deltaic and fluvial sediments found within the Pearl 
River study area were not expected to preserve sharp, clear-cut fault planes that are most 
commonly associated with brittle-type failure.  Instead, within an unconsolidated environment, it 
is expected that fault-induced strain would manifest as small scale deformational features within 
the subsurface sediments through: A) sediment failure induced by primary fault motion or 
secondary processes such as gas/fluid escape structures (Frey et al., 2009); B) downward 
displacement (Correggiari et al., 2001); C) small scale (1 to 2m) upward-branching fault splays 
(Baldwin et al., 2005).  Data from this study was interpreted to represent the previously defined 
examples of unconsolidated deformation in multiple locations, all of which were hypothesized to 
be related to deep (> 30m) tectonic processes. 
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Small-Scale Deformational Processes  
Concept I: sediment failure 
 In consideration of this study, sediment failure was defined as the occurrence of post-
depositional deformation within the subsurface that can result from faults, differential 
compaction, slumping, or liquefaction processes.  For this study, deformational processes were 
hypothesized on the basis of post-depositional sediment attributes interpreted from the data.   
 Frey et al. (2009) investigated styles of sediment deformation in a laboratory 
environment with a specific focus on gas-escape and fluid-escape deformation.  Frey et al. 
(2009) were able to observe how unconsolidated sediments responded to deformation created by 
these mechanisms and the resultant stratal geometries (Figure 44).   
In relation to this study, the following conclusions suggested by Frey et al. (2009) can be 
used to further interpret unique structures and geometries that were observed within several West 
Middle Pearl seismic profiles: A) deformation within unconsolidated sediments usually results 
from differential loading structures, liquefaction, slumps, and growth faults., B) the degree of 
deformation varies within unconsolidated sediments, and C) deformation within unconsolidated 
sediments is more likely to be present within areas proximal to the water – sediment interface. 
 
Figure 44.  Two photographs of structures produced during fluidized gas-escape experiments that include upward-
curving pillars (identified by the arrow) and convolution of strata (present within both photographs) (Modified from 
Frey et al., 2009). 
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It has been shown that seismic profiles recorded within the West Middle Pearl River 
show unique, disconcordant reflectors (Figs 40, 41, 42).  After correlating subsurface features 
interpreted from the seismic data of this study to the conclusions presented by Frey et al. (2009), 
it became increasingly evident that the unique reflectors observed were the result of 
deformational processes.   
Based on the seismic resolution, internal geometries, consistent localized occurrence of 
deformed reflectors, and the location and orientation of disconcordant reflectors, the deformation 
observed within this study’s seismic data was interpreted to be the direct result of fault-related 
processes. 
 Concept II: downward displacement 
 In addition to sediment failure, the downward movement of previously stable and 
horizontal unconsolidated sediment layers was interpreted to have occurred.  Displacement was 
identified on the basis of offsets within seismic reflectors and chronostratigraphic data.   
A study that focused on styles of failure within unconsolidated Holocene sediments was 
published by Correggiari et al. (2001).  Correggiari et al. (2001) concluded that downward 
displacement only occurred within Holocene sediments that had been affected by shear-
dominated failure.  Displacement within the unconsolidated sediments was identified through 
distinct and abrupt geometric changes of seismic reflections from the subsurface (Correggiari et 
al., 2001) (Figure 45).   
The dominant processes driving the shear failure and downward displacements within 
unconsolidated sediments of the Correggiari et al. (2001) were identified as: A) local extensional 
tectonic processes; B) gas-charging from the decay of organic-rich matter; and C) fluid 
expulsion. 
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Figure 45.  Example of deformation within Holocene-age unconsolidated sediments identified through reflector 
discontinuities and small-scale faults within high-resolution seismic CHIRP profiles (Modified from Correggiari et 
al., 2001).  
 
 
 Recorded seismic survey lines from the Pearl River study area contain several unique 
reflectors that were interpreted as possible stratigraphic offsets (Figs 37, 38).  In addition to 
seismic data evidence from this study, seismic boomer data collected within the Rigolets tidal 
pass (Figure 46) during USGS cruise 98GFP02 contained imaged offset reflectors (Calderon et 
al., 2003).  Boomer data from seismic line Lasi_63, published within USGS Open File Report 
03-497, contains additional evidence further supporting the hypothesis that fault presence would 
manifest as visible stratigraphic offsets within seismic reflectors (Figure 47). 
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Figure 46.  Geographic location of seismic boomer line Lasi-63 (denoted by the red dashed line and star) collected 
within the Rigolets during the USGS scientific research cruise 98GFP02.  Data from cruise 98GFP02 is within 
Calderon et al. (2003). 
 
USGS Seismic Data: Line Lasi_63 
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Figure 47.  Original and interpreted seismic boomer data from line Lasi-63 recorded during the USGS scientific 
research cruise 98GFP02.  Reflector horizons are indicated by the solid and dashed green lines and interpreted faults 
are indicated by the dashed, red lines. (Modified from Calderon et al., 2003). 
 
 Downward displacement was also observed within transect A-A′ chronostratigraphic 
data.  As previously discussed within the results section, core PR_04_08 contains two 
radiocarbon samples that are inconsistent in age and stratigraphic position when compared to the 
adjacent cores of transect A-A′.   
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Constructed isochron lines within Figure 48 provide additional evidence supporting the 
interpretation that stratigraphic offset has occurred within core PR_04_08.  More than 1m of 
approximate downward displacement has locally occurred within transect A-A′, which supports 
the hypothesis that vertical motion would manifest as offsets within chronostratigraphic data. 
 
 
Figure 48.  Pearl River Transect A to A′ displaying the radiocarbon dated (14C) facies with associated isochron lines.  
Note the two 14C dates (red box) within core PR_04_08 that are vertically offset based on the position of the 
isochron lines and dated facies within the additional cores. 
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 Small-scale fault splays 
 Small-scale, localized deformation that occurred as a result of shear failure in 1 to 2m 
wide upward-branching arrays was identified within the unconsolidated Holocene sediments of 
the San Andreas Fault by Baldwin et al. (2005).  Baldwin et al.’s (2005) study focused on the 
structural and microstructural features that form within unconsolidated sediments overlying 
deep-seated active faults.  Based on results from microstructural and deformation mechanism 
analyses, Baldwin et al. (2005) concluded that unconsolidated sediments influenced by deep-
seated faults contain deformation shear zones that form upward-branching arrays of splay faults 
accompanied by vertical displacement, which can range from millimeter to meter in scale (Figure 
49).     
 
 
Figure 49.  Microstructural deformation within unconsolidated Holocene sediments that are the result of fault-
induced shear failure and vertical displacement (Area of interest is outlined in red, whereas the deformed strata are 
denoted by the red lines) (Modified from Baldwin et al., 2005). 
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Seismic data collected within the Pearl River study area contain small-scale features (~1 
to 2m) that were interpreted as upward-branching fault-related features (Figs 50, 51).  The 
highlighted features within Figures 47 and 48 cannot be identified with certainty as fault splay 
structures.  When compared to data published by Correggiari et al. (2001) and Baldwin et al. 
(2005) (Figures 45,49), unique features that include scale, orientation, and distribution suggest 
that the features observed within the seismic data are indicators of unconsolidated deformation.  
In addition to suggesting that deformation had occurred, the identified seismic features assist in 
supporting the hypothesis that deformation within the unconsolidated sediments of the Pearl 
River study area is the result of primary and secondary deep-seated fault-related processes. 
 
 
Figure 50.  150m segment of West Middle Pearl River seismic survey line West_Middle_06 interpreted as 
containing possible upward-branching splay fault structures.  Discontinuous reflectors and features interpreted as 
fault-related deformation are denoted by the red lines. 
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Figure 51.  150m segment of West Middle Pearl River seismic survey line West_Middle_02 interpreted as 
containing discontinuous and vertically oriented reflectors that are the result of fault-related deformation.  The 
interpreted reflectors are denoted by the red lines. 
 
Large-Scale Deformational Processes in Southeastern Louisiana  
 The small-scale deformation processes discussed within the previous section are only a 
few select examples of processes that may be present within the unconsolidated sediments of the 
Pearl River study area.  Sediment failure, downward displacement, and fault splays were 
discussed because of the features observed within the stratigraphic and seismic datasets that 
suggest deformation has occurred within the study area.   
Deformational features observed within the datasets of this study are consistent with 
observations published by Gagliano et al. (2003) and Martin (2006) that associated the majority 
of unconsolidated sediment deformation to deep-seated (greater than ~200m in depth) fault 
systems (Figure 53).  The studies conducted by Gagliano et al. (2003) and Martin (2006) focused 
on deformation within southeastern Louisiana, with particular attention to the Bastian Bay and 
Empire areas located to the northwest of the modern Mississippi River Delta (Figure 52).   
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Consistent with features interpreted within the Pearl River study area datasets, Gagliano 
et al. (2003) and Martin (2006) observed downward displacement within stratigraphic, seismic, 
and well log data, offsets within chronostratigraphic data, and sediment failure in the form of 
marsh breakup, fault-line traces, and severed ridges.  Within the studies published by Gagliano et 
al. (2003) and Martin (2006), interpreted neotectonic events were mapped and associated with 
deep-seated Oligocene – Miocene faults (depths of ~6000 to 9000m) that experienced 
intermittent motion throughout the Pleistocene and Holocene, and appear to still remain active.   
The features interpreted within the results of this thesis, coupled with the results and 
conclusions from similar, previously discussed fault-related studies, present a probable and 
widely supported argument suggesting large-scale, deep-seated faults are the primary driving 
forces associated with deformation observed within the shallow, unconsolidated sediments of the 
Pearl River study area.   
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Figure 52.  Location of Bastian Bay in southeastern Louisiana, relative to the Pearl River Study Area, where 
previous studies by Gagliano et al. (2003) and Martin (2006) have tied deep-seated faults to marsh degradation and 
deformational processes (e.g. subsidence, differential compaction, and displacement) within the shallow 
stratigraphy. 
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Figure 53.  Mapped fault locations proximal to the Empire and Bastian Bay areas within southeastern Louisiana.  
Identified deep-seated faults, which were mapped using petroleum industry seismic, well log data, and 
biostratigraphic markers (represented by the small symbols within the cross-section), were interpreted to extend 
from the sediment-water interface to depths exceeding 2000m (Modified from Martin, 2006). 
  
Secondary Processes Associated with Deformational Processes  
In addition to the primary deformational processes, resultant secondary processes are 
important to note.  Geomorphological changes that result from historical or current subsurface 
deformation events can potentially have significant affects on a landscape environment.  Within 
a coastal riverine and marsh environment like the Pearl River study area, secondary processes 
such as subsidence, sediment compaction, and erosion are suggested as being processes that have 
the greatest potential to negatively affect the geomorphology of an area (White and Tremblay, 
1995; White and Morton, 1997; Morton et al., 2002; and Gagliano, 1999).   
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Deformation Model for the Pearl River Study Area 
Due to the unconsolidated stratigraphy of the Pearl River Delta Area, specific 
deformational processes cannot be ascribed to each instance of observed deformation with this 
study’s data results.  For this study however a deformational model has been created in order to 
account for the primary deformational processes that present significant influence within the 
study area’s geomorphologic and stratigraphic stability.   
As previously discussed, it is thought that deep-seated fault processes are the main 
influence in contributing to the deformational processes observed within the study area.  Within 
the deformation model (Figure 54) shallow zones of deformation, which extend from underlying 
deep-seated faults, are thought to be present within areas that contain the following examples of 
observed deformation: A) fault escarpments (Heinrich, 2006); B) identified faults that extend 
through the Pleistocene and Holocene stratigraphy (Lopez et al., 1997); C) chronostratigraphic 
offsets; D) deformed and offset reflectors within seismic data; and E) increases in channel 
sinuosities (which reflect changes in stream gradient). 
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Figure 54.  Deformation model for the Pearl River study area based on unconsolidated deformation observed within 
the geomorphology and stratigraphy as surface escarpments (Heinrich,2006), reflection offsets and discontinuities 
(A) within high-resolution seismic survey data, and chronostratigraphic offsets (B).  The unconsolidated zone is 
defined as consisting of Holocene-age sediments and is confined by the underlying Pleistocene-age strata (dashed 
gray line).  The semi-consolidated to consolidated zone is defined as the subsurface interval that underlies the 
Holocene-age sediments and extends from Pleistocene-age through Oligocene-age strata.  The solid red lines within 
the semi-consolidated to consolidated zone represent deep-seated faults that are present within southeastern 
Louisiana.  The dashed black lines represent fault diffusion that is the result of deformational processes transitioning 
from consolidated into unconsolidated strata.  The dashed red lines represent examples of shallow deformation 
within a subsurface environment in which there is a low preservation potential. 
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CONCLUSION 
  The multidisciplinary research approach, which analyzed geomorphologic, 
stratigraphic, and seismic data, successfully investigated whether there is evidence of faults in 
the shallow stratigraphy within the Pearl River Delta region of southeastern Louisiana.  Results 
from this thesis study consistently tested the primary hypothesis that vertical motion within 
active depositional zones may be recorded as A) significant changes in facies, B) vertically offset 
lithologically similar units, and C) offset of chronostratigraphically similar units.   
 Comprehensive surface and subsurface analyses identified features that were interpreted 
to be the result of fault-related processes.  Additional evidence that supported interpretations 
from this study was achieved through data comparisons and correlations with similar fault-
related studies and publications, with particular focus to the coastal environments within 
southeastern, Louisiana.  The deformational features observed within this study closely 
resembled the fault-related features that were interpreted and published within studies completed 
by Gagliano et al. (2003) and Martin (2006). 
 Based on the interpreted geomorphologic, chronostratigraphic, and seismic data 
discussed within the previous sections of this thesis, it is suggested that evidence of faults within 
the shallow stratigraphy of the Pearl River Delta region does exist.    The interpreted features 
indicative of fault presence and related processes are suggested to be the result of deep-seated 
faults that either influence or extend into the unconsolidated Holocene sediments of the study 
area.   
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